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Abstract: Neutrinoless double-beta decay is a key process in particle physics. Its exper-
imental investigation is the only viable method that can establish the Majorana nature of
neutrinos, providing at the same time a sensitive inclusive test of lepton number violation.
CROSS (Cryogenic Rare-event Observatory with Surface Sensitivity) aims at developing
and testing a new bolometric technology to be applied to future large-scale experiments
searching for neutrinoless double-beta decay of the promising nuclei 100Mo and 130Te. The
limiting factor in large-scale bolometric searches for this rare process is the background
induced by surface radioactive contamination, as shown by the results of the CUORE ex-
periment. The basic concept of CROSS consists of rejecting this challenging background
component by pulse-shape discrimination, assisted by a proper coating of the faces of the
crystal containing the isotope of interest and serving as energy absorber of the bolometric
detector. In this paper, we demonstrate that ultra-pure superconductive Al films deposited
on the crystal surfaces act successfully as pulse-shape modifiers, both with fast and slow
phonon sensors. Rejection factors higher than 99.9% of α surface radioactivity have been
demonstrated in a series of prototypes based on crystals of Li2MoO4 and TeO2. We have
also shown that point-like energy depositions can be identified up to a distance of ∼ 1 mm
from the coated surface. The present program envisions an intermediate experiment to be
installed underground in the Canfranc laboratory (Spain) in a CROSS-dedicated facility.
This experiment, comprising ∼ 3×1025 nuclei of 100Mo, will be a general test of the CROSS
technology as well as a worldwide competitive search for neutrinoless double-beta decay,
with sensitivity to the effective Majorana mass down to 70 meV in the most favorable
conditions.
Contents
1 Introduction 1
2 Concepts of the CROSS technology 3
2.1 Background in bolometric detectors 3
2.2 Isotope and compound choice in CROSS 4
2.3 Discrimination of surface radioactivity in CROSS 5
3 Preliminary results on the identification of surface events 6
3.1 Experimental set-up and prototype construction 6
3.2 Rejection of surface events by Al-film coating 9
3.3 Depth-dependence of surface sensitivity 15
3.4 Comparison of responses from athermal and thermal phonon sensors 17
4 CROSS prospects: medium scale demonstrator and large-scale applica-
tions 21
5 Conclusions 23
1 Introduction
Neutrinoless double-beta (0ν2β) decay is a hypothetical rare nuclear transition, which plays
a unique role in understanding fundamental neutrino properties and exploring lepton num-
ber violation (LNV) [1–3]. It consists in the transformation of an even-even nucleus into
a lighter isobar containing two more protons and accompanied by the emission of two
electrons and no other particles, with a change of the total lepton number by two units:
(A,Z)→ (A,Z + 2) + 2e−. The current most stringent half-life limits on 0ν2β decay are of
the order of 1025–1026 y [4–6]. The standard process (2ν2β decay), which implies also the
emission of two electron antineutrinos, is the rarest nuclear decay and has been observed
in eleven nuclei with half-lives in the range 1018–1024 y [7].
The detection of the neutrinoless channel would be a major discovery, and would repre-
sent the observation of a new phenomenon beyond the Standard Model (SM) of elementary
particles, establishing that neutrino is a Majorana particle, rather than a Dirac one as all
the other fermions: neutrino would be the only fermion to coincide with its own antimat-
ter partner, a possibility left naturally open by its neutrality [8]. In this framework, a new
mechanism of mass generation, besides the Higgs mechanism, could be in place for neutrinos
explaining naturally the smallness of ordinary neutrino masses (see for example Ref. [9]).
In addition, matter-antimatter asymmetry in the Universe could be accounted for through
CP violation in the neutrino sector [10].
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It is important to remark however that, in a beyond-SM perspective, 0ν2β decay is
much more than a neutrino physics experiment. It is a powerful, inclusive test of LNV,
which takes the form of a creation of electrons according to the process 2n → 2p + 2e−,
implemented in the nuclear matter. LNV is as important as baryon number violation [11]
and naturally incorporated by beyond-SM theories. In that regard, the experimental search
for 0ν2β decay needs to be pursued with the highest possible sensitivity irrespectively of
the related neutrino-physics scenario, as it is an essential element for a deep comprehension
of the elementary constituents of matter and of fundamental interactions.
0ν2β decay can be induced by a plethora of LNV mechanisms. It is instructive to
classify them in an effective-field-theory framework, in which the SM Lagrangian is extended
by adding higher-order terms corresponding to increasing powers of a factor 1/Λ, where Λ
is a cut-off high-energy scale, with respect to which the SM can be considered a low-
energy approximation [12]. This approach allows us to consider all possible contributions to
0ν2β decay and to include also interferences among different mechanisms (see for example
Ref. [13]). However, the lowest-order 1/Λ term occupies a special place. It represents
the so-called mass mechanism, a minimal extension of the SM naturally connected with
neutrinos’ being massive, as proved by flavor oscillations [14]. In the mass mechanism,
0ν2β decay is induced by the exchange of virtual light Majorana neutrinos. The rate of
the process is proportional — within an uncertainty due to the computation of the nuclear
matrix elements — to the square of the effective Majorana neutrino mass mββ , related to
the absolute neutrino mass scale and to the mass ordering [1–3].
Present limits on mββ from 0ν2β decay are in the range ∼60–600 meV [4–6, 15–17],
assuming that the axial charge gA is not quenched — the 0ν2β decay rate is proportional
to g4A — and close to the free nucleon value of 1.27 (the most common approach in
the literature). The possible quenching of gA, which could reduce even by a factor ∼
4 the sensitivity to mββ , is a controversial open issue [18, 19]. In particular, it is not
clear if the quenching observed in single β decay and 2ν2β decay can be naively extended
to 0ν2β decay, which involves a much larger momentum transfer than in the ordinary
processes. Furthermore, this quenching — even if present in the mass mechanism — could
have no impact on other LNV mechanisms. A spread of a factor 2–3 in the limit on mββ is
inherently connected to our approximate knowledge of the nuclear physics involved in the
0ν2β transition [18]. None of the current experiments has the potential to explore fully the
inverted-ordering region of the neutrino mass pattern — corresponding to the range 15–50
meV formββ — even in case of no gA quenching [20, 21]. In addition, we should be prepared
to the fact that the ordering could be normal, as preliminary suggested by recent results
of neutrino oscillation experiments with accelerator sources [22] and by cosmology [23].
In that regard, we remark that exploring fully the inverted-ordering band implies probing
simultaneously ∼ 50% of the normal-ordering region, according to a Bayesian analysis
based on our current experimental knowledge of the constraints on the neutrino mass and
oscillation parameters [24].
In this challenging context, it is crucial to explore new experimental ideas that could
extend the sensitivity of future searches. In this article, we present an innovative bolo-
metric technology to be tested in a demonstrator named CROSS (Cryogenic Rare-event
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Observatory with Surface Sensitivity). CROSS will use lithium molybdate (Li2MoO4) and
tellurium oxide (TeO2) crystals, operated as bolometric detectors, with the addition of an
Al-film coating in order to induce signal-shape modification of nuclear events occurring close
to the detector surface. This will allow us to get rid of the currently dominant background
component in bolometric experiments.
This paper is organized as follows. In Section 2 we will describe the concepts on
which CROSS is based: preliminary discussion on the background in bolometric detectors,
consequent choice of the isotopes and of the materials, and illustration of the methods
adopted to achieve sensitivity to surface events. In the subsequent Section 3, we will
describe the preliminary encouraging results obtained by coating the crystals with Al films.
We will discuss then — in Section 4 — the structure and the sensitivity of the planned
CROSS demonstrator and the prospects for a future ton-scale experiment.
2 Concepts of the CROSS technology
In order to observe 0ν2β decay, experimentalists aim at the detection of the two emitted
electrons, which share the total transition energy (the so-called Q-value of the process) [1–
3, 25, 26]. The signature is a peak at the Q-value in the sum-energy spectrum of the two
electrons. Bolometers, the instruments chosen for CROSS, are among the most powerful
nuclear detectors for the conduction of sensitive 0ν2β decay searches in the calorimetric
approach [27]. They can provide high sensitive mass (via large detector arrays), high detec-
tion efficiency, high energy resolution and extremely low background thanks to potentially
high material radiopurity and methods to reject parasitic events [28]. A Q-value as high as
possible is desirable since this places the signal in a lower background region and increases
strongly the decay probability. This feature can be met by bolometers as most of the high
Q-value candidates (48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 124Sn, 130Te) can be studied with
this technique.
A bolometer consists of a single dielectric crystal — the active part of the detector —
coupled to a phonon sensor. The signal, collected at very low temperatures (< 20 mK for
large bolometers, with masses in the 0.1–1 kg range), consists of a phonon pulse registered
by the sensor. In CROSS, we will use two types of phonon sensors: (i) a neutron trans-
mutation doped (NTD) Ge thermistor [29] (following the scheme adopted in Cuoricino and
CUORE [6]), which is mainly sensitive to thermal phonons and can be considered with a
good approximation as a thermometer, and (ii) a NbSi thin film [30, 31], which is faster
and exhibits a significant sensitivity to athermal phonons.1
2.1 Background in bolometric detectors
Environmental γ’s represent the main source of background for most of the present experi-
ments and arise mainly from natural contamination in 238U and 232Th and their daughters.
The highest-energy intense γ line in natural radioactivity is the 2615 keV line of 208Tl,
1The energy spectrum of phonons excited by a particle event is highly non-thermal immediately after
the particle interaction, but it tends to relax to a thermal-equilibrium distribution at long times. A deeper
discussion can be found in Section 2.3.
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belonging to the 232Th decay chain. Therefore, a detector embedding a candidate with a
Q-value above 2615 keV represents an optimal choice. However, the energy region above
∼ 2.5 MeV is dominated by events due to surface radioactive contamination, especially α
particles (as shown by the results of the bolometric 0ν2β-decay search CUORE [6] and its
predecessors Cuoricino and CUORE-0), but also β particles emitted at the surface can be
the limiting factor in future searches. An extensively studied and adopted method to reject
surface α events in bolometers exploits the scintillation [32] or Cherenkov radiation [33]
emitted by detector materials [28, 34]. Since the α light yield is appreciably different from
(in general inferior to) the β light yield at equal deposited energy, while the bolometric
thermal response is substantially equivalent, the simultaneous detection of light and heat,
and the comparison of the respective signal amplitudes, represent a powerful tool to re-
ject α background (in particular from surface) through α/β discrimination. However, this
method has two drawbacks: (i) an additional device — a light detector consisting of an
optical bolometer — is required, and (ii) surface β events are not rejected. A key advantage
of the CROSS technology is to provide the bolometers with surface sensitivity, enabling in
principle the mitigation of both the α and β background components without supplemen-
tary devices. In practice, we demonstrate in this paper that the surface α component can
be fully rejected with the CROSS method, while the identification of β particles releasing
their energy at the detector surface requires additional R&D work.
We can already evaluate the effect of α rejection on the background in a real large-
scale bolometric set-up like the CUORE infrastructure. CUORE, comprising almost 1000
individual bolometers, is the largest-ever bolometric experiment [6]. It collects data in the
Gran Sasso underground laboratory (Italy) and investigates the 0ν2β decay of the nuclide
130Te. After about 90 kg×y exposure, a preliminary background model [35] can be used to
show that, in the current CUORE infrastructure, the expected background index would be
∼ 10−4 counts/(keV kg y) in the region of interest (ROI) of 100Mo at ∼ 3 MeV after surface
α background rejection. Conversely, a background level an order of magnitude higher is
expected in the ROI of 130Te at ∼ 2.5 MeV, because of a residual contamination of 232Th
in the CUORE cryostat, whose location is still under investigation. This contamination
contributes to the background almost only for 130Te, due to the lower Q-value of this
isotope.
2.2 Isotope and compound choice in CROSS
The choices of the candidates and of the compounds for CROSS are based on years’ de-
velopment of the bolometric search for 0ν2β decay (projects MIBETA [36], Cuoricino [37],
CUORE [6], LUCIFER/CUPID-0 [38], LUMINEU/CUPID-Mo [39]). A critical analysis
of the copious results achieved so far on more than 10 compounds indicates that the best
choices are TeO2 [6, 40] (containing the candidate 130Te) and Li2MoO4 [39, 41] (containing
the candidate 100Mo). CROSS intends to study both options, in order to guide the selec-
tion for future bolometric experiments or to provide the elements for a twofold large scale
search [42].
TeO2 has been extensively and successfully studied as it is the material chosen for
CUORE, as discussed above. Detectors based on TeO2 exhibit excellent energy resolution
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(∆FWHM ∼ 5 keV in the ROI around the 130Te Q-value at 2527 keV) and very high internal
purity [40] (< 1 µBq/kg for 238U and 232Th and their daughters). Preliminary results on
TeO2 crystals grown with tellurium enriched in 130Te at 92% level reproduce the excellent
performance of the devices with natural isotopic composition [43]. As TeO2 is a very weak
scintillator [44, 45], the CROSS solution is very convenient: in fact, in order to exclude
the α component in a future upgrade of TeO2 bolometers, an optical bolometer needs to
detect the tiny Cherenkov radiation emitted by β particles [33], requiring an intense R&D
that is far to be concluded at the moment [28]. A drawback of 130Te is that its Q-value is
just below the 2615 keV line of 208Tl. Therefore, the control of the 232Th contamination
is a major issue and a possible show-stopper, as the aforementioned results of the CUORE
background model indicate clearly. For this reason, CROSS proposes in parallel the study
of Li2MoO4 [46], as 100Mo has a Q-value of 3034 keV, above the highest-energy line of 208Tl.
This compound was studied recently in the scintillating-bolometer LUMINEU project with
large-volume, high-quality crystals containing molybdenum enriched in 100Mo at 97–99%
level [39, 41]. The energy resolution achieved on prototypes is excellent (∆EFWHM ∼ 5 keV
in the ROI) and the radiopurity very high (< 6 µBq/kg for 238U and 232Th and their
daughters). The crystallization process is simple and the irrecoverable losses of the costly
100Mo are negligible (< 4%), implying low-cost crystal production and high production
rate. (Ref. [47] describes the protocol for ZnMoO4, which can be extended smoothly to
Li2MoO4 [48].) Both 130Te and 100Mo do not pose problems for massive enrichment at
viable costs [25]. We stress that the natural isotopic abundance of 130Te is very high, of
the order of 34% (about 3 times higher than that of 100Mo) [49].
2.3 Discrimination of surface radioactivity in CROSS
CROSS aims at developing a technology capable of identifying and rejecting α surface events
with an efficiency higher than 99.9%, without a significant change of the acceptance of 0ν2β
decay signals. As we will show in Section 3.2, this result has already been achieved in low-
mass prototypes both for Li2MoO4 and TeO2. The physics of the rejection mechanism could
allow us to reject in principles also events occurring down to a depth of about 1 mm from
the crystal surface, making the control of β surface background possible as well. This result
has not been achieved yet, although there are hints that the surface sensitivity extends
to spot-like energy depositions (within ∼ 100 µm) occurring down to ∼ 1.4 mm from the
surface in Li2MoO4 crystals (Section 3.3).
The discrimination of surface events will be obtained by depositing thin films, with a
thickness in the few-µm range, on the surfaces of the Li2MoO4 and TeO2 crystals. The ma-
terial of the film will be superconductive aluminum (Al critical temperature is ∼ 1.2 K [50]).
The proof of concept of CROSS surface sensitivity was preliminarily achieved in a test per-
formed a few years ago at CSNSM (Orsay, France), using a fast thermal sensor (∼ 1 ms
time response) coupled to a TeO2 crystal [51].
The rationale of the discrimination capability is based on the properties of non-equilibrium
phonons evolving from a hot spot, generated by a particle interaction in a non-metallic ma-
terial ([52] and references therein). The athermal phonons produced by a nuclear event have
initially (after a few µs) “high” energies (> 30 K) in a cloud of ∼ 1 mm size around the event
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location. These energetic prompt phonons will reach the superconductive film and break
efficiently Cooper pairs in it when the event is located within ∼ 1 mm from the surface.
(We stress that this is the typical range of a ∼ MeV β particle impinging on the detector
and emitted by a surface radioactive impurity.) This effect is less important for energy
depositions occurring at a longer distance from the surface (bulk events) since in this case
the particle-generated phonons reach the film with a significantly lower average energy, due
to the quasi-diffusive mode of phonon propagation, which implies spontaneous fast phonon
decay when the phonon energy is high. In fact, the phonon decay rate is proportional to the
fifth power of the phonon energy [53]. Due to the long recombination time of quasiparticles
at temperature well below the transition temperature of the superconductor, a significant
fraction of the particle energy will be trapped in the superconductive layer in form of quasi-
particles for a time that can extend up to the millisecond range in ultrapure aluminum.
The subsequent recombination of quasiparticles to ∼ 1.2 K phonons will add a delayed
component to the phonon signal read by the sensor on the crystal [54], less important in
bulk events. Therefore, just by studying the signal shape and in particular the rise-time,
it will be possible to discriminate bulk versus surface events, as the latter should be slower
with a rise-time difference in the millisecond range. We stress that this mechanism works
for sensors that are sensitive to athermal phonons, like thin films directly deposited on the
crystal surface and capable of intercepting efficiently the delayed component, which could
represent a small fraction of the total deposited energy.
As reported in Section 3, we initially attempted pulse shape discrimination (PSD) using
NTD Ge thermistors, as these sensors, even if mainly measuring the crystal temperature,
may exhibit sensitivity to athermal phonons. This choice was dictated by the simplicity
of this option, which would allow us to keep the present CUORE configuration in terms
of readout. We have discovered that surface sensitivity can in fact be provided by NTD
Ge thermistors but with a different mechanism, as shown by the fact that the leading edge
of surface-event signals is indeed faster — and not slower as predicted — than bulk-event
signals in the NTD-Ge-thermistor case. The test described in Section 3.4 provides a viable
interpretation of this mechanism.
3 Preliminary results on the identification of surface events
3.1 Experimental set-up and prototype construction
We have designed and fabricated a set-up (depicted in Fig. 1) to test simultaneously up
to four crystals (Li2MoO4 or TeO2) with 20×20×10 mm or 20×20×5 mm size. For the
moment, we have operated up to three detectors in each run. Both Li2MoO4 and TeO2
crystals are grown with materials of natural isotopic composition. The samples of Li2MoO4
are cut from a large cylindrical crystal grown with the low-thermal gradient Czochralski
technique at NIIC (Novosibirsk, Russia) [48] and similar to the samples employed in the
LUMINEU and CUPID-Mo projects. The samples of TeO2 are produced by the company
SICCAS (Shanghai, China) following the same protocol employed for the crystals of the
CUORE experiment [40].
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Alpha source 
(uranium) 
TeO2 Li2MoO4 
NTD 
Heater 
LMO 
Al film 
TeO2 
Figure 1. Photograph of the set-up used for the CROSS-prototype tests. The Li2MoO4 and
TeO2 crystals, with a size of 20×20×10 mm, are visible. The NTD Ge thermistors and the heaters
are glued on the upper crystal surface. The uranium sources are placed below the crystals (the one
irradiating Li2MoO4 is visible in transparency). No Al film is deposited in this case. The copper
disk which supports the crystals is covered with a reflective foil. Two same-size crystals can be
assembled symmetrically below the copper disk. A light detector (not shown here), consisting of
a 44×0.175-mm Ge wafer coated by a SiO thin layer to reduce the light reflection, can face two
crystals simultaneously at both sides of the copper disk. The inset at the bottom right corner shows
Li2MoO4 and TeO2 crystals with a 20×20 mm side coated by a 10 µm-thick Al film.
Even if CROSS intends to perform background rejection without optical bolometers, a
light detector has often been used in the tests described below in order to discriminate α
particles and neutron interactions on 6Li (see Section 3.3) and help in the result interpreta-
tion. The light absorber of the optical bolometer consists of a high-purity germanium wafer
(44×0.175 mm). The light detector is often used in the Neganov-Trofimov-Luke mode
with the purpose to enhance the device sensitivity [43, 45]. This is convenient considering
the feeble light emitted by the TeO2 crystal and the complicated geometry of the assembly
that does not ensure optimal light collection. The light detector helps also to veto cosmic
muon events.
The crystals and the Ge wafer are fixed at the copper heat sink by means of PTFE
pieces and brass / copper screws. The inner surfaces of the detector holder are covered as
much as possible by a reflecting foil (VikuitiTM Enhanced Specular Reflector Film) in order
to improve light collection.
With the exception of the test described in Section 3.4, the phonon sensors used for
the Li2MoO4 and TeO2 crystals and for the Ge wafer are exclusively NTD Ge thermistors.
These elements have a mass of about 50 mg when used for the large crystals and about a
factor 10 lower for the light-detector wafers. Their resistance is ∼ 1 MΩ at 20 mK. They
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are glued at the crystal surface by using six epoxy spots and a 25-µm-thick Mylar spacer,
which is removed after the gluing procedure. In addition, each crystal is provided with
a resistive element (heater) capable of delivering periodically a fixed amount of thermal
energy in order to control and stabilize the response of the bolometers [55].
In order to induce sensitivity to surface events, an aluminum layer is evaporated under
vacuum — the residual pressure is typically 5 × 107 mbar — on a crystal side, by means
of an electron gun located at CSNSM. Before the deposition, the surface of the crystal is
bombarded in situ by 90-eV Ar ions that remove a layer of about 1 nm. In the case of
10-µm-thick films, a 25-nm-thick SiO sub-layer is deposited after the Ar bombardment in
order to improve the Al-film adhesion. The Al deposition rate is of 4 nm/s and the layer
thickness of 1 or 10 µm depending on the test. The distance between the source and the
sample is about 45 cm and the control of the thickness is done by looking at the evaporation
duration with a periodic check of the rate through a piezoelectric quartz. The Li2MoO4
crystals are polished before Al deposition to avoid effects due to the weak hygroscopicity of
Li2MoO4, while the TeO2 surfaces underwent only a rough grinding to imitate the opaque
diffusive surfaces that characterize the CUORE crystals.
Uranium sources, obtained by desiccating a drop of uranium acid solution on a copper
foil, are placed in front of the Al coated surfaces, at about 0.6 mm distance. They provide
two main α lines at ∼ 4.2 and ∼ 4.7 MeV (238U and 234U respectively) but also β particles
from the isotope 234mPa, with a spectrum extending up to ∼ 2.27 MeV. The 234mPa β
rate is very close to the α rate of 238U. Another α source has been obtained by implanting
218Po atoms (produced by 222Rn decay) on a copper tape, which had been put in a radon-
rich atmosphere by emanation from a uranium mineral. The 218Po and its daughters decay
quickly to 210Pb, which has a half-life of 22.3 years. Its decay leads to 210Po that provides the
desired ∼ 5.3-MeV α line. The polonium sources are usually placed in front of an uncoated
side. They are expected therefore to generate events with the same pulse shape as bulk
events. The two event classes (close or far from the Al film) can be easily distinguished
also by their energy. In the following, for brevity, we will often define “surface events” the
energy depositions occurring at the vicinity of the Al film and identifiable by pulse shape.
All the tests here discussed were performed in the cryogenic laboratory of CSNSM in a
dry high-power dilution refrigerator with a 4 K stage cooled by a pulse-tube [56]. We made
most of the measurements with the sample-holder temperature stabilized at 15.5 mK and
22 mK. Higher temperatures (30–40 mK) were used for the test reported in Section 3.4 to
match at best the resistance-temperature curve of the NbSi film, operated in the Anderson-
insulator mode [30]. The sample holder is mechanically decoupled from the mixing chamber
by four springs to reduce the acoustic noise caused by the cryostat vibrations. The outer
vacuum chamber of the refrigerator is surrounded by a passive shield made of low radioac-
tivity lead (10 cm minimum thickness) to suppress the environmental γ background. The
shield mitigates the pile-up problem typical for above-ground measurements with macro-
bolometers. For the same reason, we have used relatively small samples to reduce the
counting rate of the environmental γ background.
A room-temperature electronics based on DC-coupled low-noise voltage-sensitive am-
plifiers is used in the experiment [57]. The thermistors are biased via a constant current
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Crystal Crystal Al Film Al Film Sensor
Detector Compound size mass thickness area type
[mm] [g] [µm] [mm]
1 Li2MoO4 20×20×10 12 10 20×20 NTD Ge
2 TeO2 20×20×10 25 10 20×20 NTD Ge
3 TeO2 20×20×10 25 1 20×20 NTD Ge
4 TeO2 20×20×5 12.5 10 20×5 NTD Ge+NbSi
Table 1. Main characteristics of the four detectors described in the text. An uranium α source
irradiates the film in all the detectors. A polonium (uranium) α source irradiates a bare side of the
crystal in detector 2 (4).
injected through two room-temperature load resistors in series, with a total resistance of
typically 200 MΩ. The amplifier output data are filtered by a Bessel low-pass filter with
a high frequency cut-off at 675 Hz and acquired by a 16 bit ADC with 10 kHz sampling
frequency.
The pulse amplitudes of the signals are extracted off line using an optimal-filter anal-
ysis [58]. This requires the use of a template for the noise power spectrum and for the
average pulse. Since in the tests here reported pulses have often slightly different pulse
shapes depending on the event type (typically, surface vs. bulk), it may happen — when
the pulse shape of the analyzed pulse differs from that of the template — that the extracted
amplitude is not a fully faithful estimator of the unfiltered-pulse height. This discrepancy
does not affect critically the results reported below.
We have performed several runs in order to study and optimize surface sensitivity. We
will report about the results of four coated detectors, described in Table 1. We performed a
preliminary run with bare detectors as well, using as much as possible the same configuration
as that adopted in tests with Al films, in order to establish a benchmark in terms of pulse
shapes, detector sensitivity and intrinsic energy resolution.
3.2 Rejection of surface events by Al-film coating
We have tested PSD with Li2MoO4 and TeO2 crystals with one 20 × 20 mm side coated
with an Al film. The coated surface represents 1/4 of the total crystal surface. In the
first test, the film thickness was 10 µm for both crystals (Detectors 1 and 2 in Table 1).
Subsequently, we reduced the thickness down to 1 µm for the TeO2 crystal (Detector 3 in
Table 1). A clear surface-α-event rejection was demonstrated in all cases.
By comparison with the blank test, we have first shown that there is a negligible
influence of the Al films — independently of their thickness — on the detector behavior.
In Fig. 2 we show two spectra taken with the TeO2 detectors during a 232Th calibration,
without and with 1-µm-thick Al film. The energy resolution is unchanged. It is about
2–3 keV FWHM for both configurations at the 214Bi 609 keV γ peak, induced by the
environmental radioactivity. At higher energies, we have peaks affected by low statistics
because of the reduced size of the detectors and sometimes enlarged by non-fully efficient
stabilization. In Table 2, we report the comparison of the sensitivities (expressed as pulse-
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Figure 2. Left panel: γ spectrum collected with a bare-crystal TeO2 bolometer. Peaks generated
by the environmental radioactivity and by a 232Th calibration source are appreciable. Right panel:
γ spectrum collected in similar environmental conditions with an identical TeO2 bolometer but with
one 20×20 mm crystal side coated by a 1-µm-thick Al film. In the insets, the 609 keV γ peaks of
214Bi are shown to compare the energy resolutions.
Detector Al Sensitivity tR tD
crystal film [nV/keV] [ms] [ms]
Li2MoO4 NO 57 8.4 34
Li2MoO4 10 µm 53 3.1 24
TeO2 NO 47 7.9 69
TeO2 10 µm 43 7.2 59
Table 2. Sensitivities and pulse-shape parameters of detectors without and with 10-µm-thick Al
film. The crystal size is 20×20×10 mm and the measurement is performed with the detector-holder
temperature stabilized at 22 mK.
amplitude/deposited-energy [nV/keV]) and of the rise-times tR (from 10% to 90% of the
pulse maximum amplitude) and decay-times tD (from 90% to 30% of the pulse maximum
amplitude) for γ events in the measurements performed at 22 mK, for which we were able to
reasonably reproduce the operation points in the two runs. The sensitivities and the decay-
times are similar, within the typical variations due to the non-complete reproducibility of
the experimental conditions. The shortening of the rise-time in the case of Li2MoO4 after
film deposition is not fully understood, but it may be related to the improved-thermalization
mechanism described in Section 3.4.
Surface events induced by α particles can be safely rejected by PSD. We have tested
several PSD parameters, which can provide surface/bulk event separation with different
efficiency. A good pulse-shape parameter is simply the pulse rise-time, which is the most
intuitive one and easy to relate to a physical interpretation. Another efficient parameter
is obtained in the following way. An average pulse, typically dominated by bulk events, is
constructed. Let’s define Ai = A(ti) the sampled amplitudes at the time ti of the average
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Figure 3. The parameter m/Sm (see text) is plotted as a function of the energy (according to a γ
calibration) for a TeO2 bolometer (Detector 2 in Table 1) (left panel) and for a Li2MoO4 bolometer
(Detector 1 in Table 1) (right panel). The uranium-source α events are clearly discriminated.
Neutron capture events on 6Li are discussed in Section 3.3. The shape of the populations related
to the uranium α particles is discussed in Section 3.2. The α and neutron-capture events are not
at the correct energy positions (with the exception of the 210Po α line [59]) because the detector
response to heavy charged particles is different from that to γ’s in Li2MoO4 [46] and — in addition
— the thermalization efficiency of close-to-film events is higher for both TeO2 and Li2MoO4 and
maximum for full absorption in the film (see Section 3.4).
.
pulse A(t) (with maximum amplitude normalized to 1), and Si = S(ti) the corresponding
sampled amplitudes of an individual signal S(t) without normalization. The two pulses are
synchronized at their maximum. If we plot Si vs. Ai, we obtain a straight line crossing the
origin and with slope equal to 1 for an individual signal identical to the average pulse. If we
perform a linear fit of the data (Ai,Si) for a generic signal, we obtain two parameters, the
y-intercept q and the slope m. The latter is an estimator of the individual-pulse amplitude
and it almost coincides with that extracted with the optimal filter (Sm ), if the signal has
the same shape as that of the average pulse. The y-intercept would be zero if, again, the
average and the individual pulses had the same shape. It turns out that m/Sm is a very
sensitive pulse-shape parameter, and we have extensively used it in the data analysis. We
note that other parameters could be even more effective, but we have not performed a
systematic study on the best way to account for pulse-shape differences yet.
The discrimination can be appreciated in Fig. 3, where the PSD parameter is m/Sm for
both crystals, and the Al-film thickness is 10 µm. The two lines of the uranium source, which
irradiates the Al film, are clearly separated from the bulk events. The TeO2 measurement
(Fig. 3, left panel) was performed in a run in which the polonium source was present and, as
expected, it contributes to the bulk-event population. The Li2MoO4 measurement (Fig. 3,
right panel) was performed in another run, with no polonium source. The bulk events are
mainly induced by the γ activity below 2615 keV (limit of the natural γ environmental
spectrum) but they include also, at higher energy, the cosmic-muon interactions, which are
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Figure 4. Energy as a function of the rise-time for a Li2MoO4 bolometer (Detector 1 in Table 1),
with a 20×20 mm side covered by the Al film and illuminated by an uranium source. The different
populations evidenced in the four colored ovals are discussed in the text. As for the energy of the
α and neutron-capture events, see caption of Fig. 3.
not fully vetoed by the light detector. In fact, muons in general cross all the crystal and
deliver a negligible fraction of their energy in the film or in its proximity.
We will comment now the event distribution in the α-particle region. We use as a
reference the measurement performed with the Li2MoO4 crystal coated with a 10-µm-thick
Al film (Detector 1 in Table 1). The pulse amplitude as a function of the rise-time is shown
in Fig. 4. As anticipated above, surface events are characterized by a shorter rise-time.
Part of the α particles are fully absorbed in aluminum (when they are emitted at a small
angle with the surface), while the remaining part will share the deposited energy between
the film and the crystal. In the inset of Fig. 5, the geometry of α absorption is depicted
schematically. We stress that the film thickness is similar to the α range in aluminum: 16.8
µm and 20.0 µm at 4.2 MeV and 4.7 MeV respectively. This similarity affects strongly the
distribution of the α events, as an important fraction of them corresponds to full absorption
in the film. In Fig. 4, the region inside the red contour (n. 1) includes fully-film-absorbed
α particles, emitted at a small angle with respect to surface. The region inside the green
contour (n. 2) indicates mixed film-crystal energy depositions, for α particles entering the
crystal with a direction almost normal to the surface. The ratio between the number
of events in region n. 1 and that in region n. 2 is compatible with the geometry of the
arrangement and the α particle ranges. It is expected that ∼ 58% of the α particles are
fully absorbed in aluminum for the 4.2 MeV line according to a GEANT4-based [60, 61]
Monte Carlo simulation, and this corresponds to what is estimated in the experimental
– 12 –
   5.6    5.7    5.8    5.9
Rise-time (ms)
0
20
40
60
80
100
120
140
C o
u n
t s  
/  b
i n
58 %
a source 
Al film 
Crystal 
RAl 
Figure 5. Rise-time distribution of signals corresponding to the ∼ 4.2 MeV α-particle from the
uranium source. The fraction of α particles that deposit their full energy in the 10-µm-thick Al
film coating the Li2MoO4 crystal is ∼ 58%, in agreement with a Monte Carlo simulation. In the
inset, schematic geometry of the α-particle absorption at the film-coated side of the crystal. RAl
represents the range of α particles in aluminum.
distribution (Fig. 5). Finally, the region inside the violet contour (n. 3) is populated by
energy-degraded α particles that stop in the Al film, as expected since energy degradation
requires that the particles exit at a small angle with the surface or come from the deepest
part of the source.
It is interesting to note that the rise-time in Fig. 4 is anti-correlated with the pulse
amplitude for mono-chromatic energy depositions (the energy scale is set for bulk events
using a γ calibration). This can be easily explained by a qualitative interpretation of the
phenomenon that we observe, which will be discussed in Section 3.4.
Fig. 3 shows a significant difference between the α distributions in TeO2 and in Li2MoO4.
In the former case, the distribution has a larger spread. This suggests that the rejection
capability in Li2MoO4 for full aluminum absorption is more similar to that for partial alu-
minum absorption with respect to the TeO2 case. (We do not have an interpretation of this
behavior, which could be connected to the different high-energy phonon spectrum generated
by α particles in the two materials.) As a consequence, we expect that a reduction of the
film thickness should impact less the discrimination capability of Li2MoO4 with respect to
that of TeO2.
We have anyway shown that a film thickness of 1 µm is sufficient to perform discrim-
ination at the required level in the case of TeO2 (see Fig. 6), using Detector 3 of Table 1.
The discrimination power decreases with respect to the 10 µm film thickness, but it remains
excellent. In order to evaluate it, we have fitted by Gaussian functions the surface and bulk
event distributions (see Fig. 6, inset) to estimate their mean values (µsurface, µbulk) and
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Figure 6. The parameter m/Sm (see text) is plotted as a function of the energy for a TeO2
bolometer (Detector 3 in Table 1). The two lines of the uranium source, which irradiates the 1-
µm-thick Al film, are clearly separated from bulk events. As for the energy of the α events, see
caption of Fig. 3. In the inset, Gaussian fits of the surface and bulk event distributions allow us to
extract the discrimination power DP. The energy range of the selected events is 4400–5000 keV on
a γ calibration scale, corresponding to the higher-energy α line.
standard deviations (σsurface, σbulk). After defining
DP =
µsurface − µbulk√
σ2surface + σ
2
bulk
, (3.1)
as usually done for scintillating bolometers (with the pair α-β replaced by the pair surface-
bulk), we have obtained an excellent DP = 5.0, which is compatible with a rejection of
surface events of 99.9% with practically full acceptance of bulk events. This result is
extremely important since for the 1-µm option the evaporation time is much shorter, the
film adhesion is much better and the total mass of the material is decreased by one order of
magnitude, lowering correspondingly the possible contribution of films to the radioactivity
budget. For these reasons, we will consider 1-µm-thick Al films as the baseline solution for
future CROSS detectors, and in particular for the medium-scale demonstrator described in
Section 4. As argued above, DP (with 1-µm-thick Al coating) should be even better in case
of Li2MoO4 crystals.
Since the range of the uranium-source α particles in Al are in the 16–20 µm range,
it is clear that the fraction of fully-film-absorbed α particles is negligible for 1-µm-thick
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films. The achieved DP shows therefore that PSD works also for energies deposited up to
few tens of µm directly in the TeO2 crystals. It is therefore natural to wonder down to
which distance from the film the surface events can be separated from the bulk ones. This
is investigated in the next Section.
3.3 Depth-dependence of surface sensitivity
The Li2MoO4 detector with 10-µm-thick Al film (Detector 1 in Table 1) provides an almost
ideal tool to investigate sensitivity to shallow events down to a few millimeters below the
coating. In fact, the isotope 6Li, which has a natural abundance of 7.8% [49], has a very
high cross section for thermal neutron capture (940 barns) [62]. In this discussion we
assume that the thermalized neutrons reaching the detector are at room temperature. In
fact, there is no large low-temperature bath with low-mass elements in the vicinity of the
detector, and the integrated thickness of the cold shields (mainly copper, not efficient in
neutron moderation) is below 1 cm. The thermal-neutron capture on 6Li is followed by the
emission of a 2.05-MeV α particle and a 2.73-MeV triton, releasing a total kinetic energy
of 4.78 MeV. The ranges in Li2MoO4 are respectively of 7 µm and 40 µm. Therefore, the
energy released after a neutron capture is confined within ∼ 50 µm around the interaction
point. Since the absorption length of thermal neutrons in Li2MoO4 is ∼ 6.6 mm, it is clear
that neutron captures are distributed deeply in the crystal, but a significant fraction will
occur close to the film. In addition, the energy deposition for each event can be — in a
first approximation — considered as point-like with respect to the interaction-length scale.
Therefore, ambient thermal neutrons will interact with high probability with the Li2MoO4
crystal and will sample the full volume of the detector with point-like energy depositions of
the order of 4.8 MeV each. The distribution of the distance of neutron-capture site from the
film has been evaluated with a semi-analytic calculation and with a Monte Carlo [60, 61]
(in the hypothesis of isotropic neutron flow with neutron energy of 25 meV), providing very
similar results (see Fig. 7). We stress that an important contribution to the distribution of
the impact points come from neutrons that reach the detector from the sides that are not
covered.
After these considerations, we refer now again to Fig. 4. It is clear that the neutron-
capture events, in spite of the very long neutron absorption length with respect to the film
thickness, do not lie entirely in the bulk event band, occupied mainly by cosmic-ray events
in this energy region. They present a significant tail towards the surface-event region, as
visible in Fig. 4 (region n. 4, inside the orange contour). The distribution of the rise-
times can be studied in detail by isolating the neutron-capture and α events using the light
detector, thanks to their lower light yield for the same thermal energy [32]. The selection
of α and neutron events is shown in the density plot of Fig. 8.
It is now possible to correlate the rise-time distribution with the impact-point distri-
bution discussed above. Fig. 9 shows the rise-time distribution of all the neutron-capture
events only (inset of Fig. 8), covering a rise-time interval of about 5.9− 6.4 ms. The Gaus-
sian peak centered at long rise-time values (∼ 6.32 ms) contains the bulk events. The tail at
short rise-times contains the close-to-film events, as we know from the α-particle behavior.
We have fitted the distribution with a Crystal Ball function (Fig. 9) and subtracted the
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Figure 7. Distribution of the distances of the neutron-capture sites from the Al film evaluated by
a Monte Carlo simulation in a 20×20×10 mm Li2MoO4 detector (106 generated neutrons, 125468
neutron captures). The film is located at z = 0. The neutron field is supposed to be isotropic and
mono-energetic with neutron energy of 25 meV.
Gaussian part from the full distribution, isolating in this way the tail component S(tR)
containing close-to-film events. We have then constructed the ratio:
RR(tR) =
∫ tR
tRmin
dt′RS(t
′
R)
SR
, (3.2)
which provides the fraction of surface events up to a rise-time tR with respect to the total
number of neutron events (both surface and bulk) SR, obtained by integrating over the
entire distribution. Of course, Eq. (3.2) is significant for tR < 6.3 ms. We consider then
the distribution C(z) of the neutron-capture events in terms of z, depicted in Fig. 7, and
construct the ratio:
RC(z) =
∫ z
0 dz
′C(z′)
Sz
, (3.3)
which provides the fraction of neutron-capture events occurring up to a distance z from the
Al film with respect to the total number of neutron events Sz.
We make now the assumption that the rise-time depends only on the distance z of the
neutron-capture site from the Al film, neglecting therefore edge effects. Using Eqs. (3.2)
and (3.3), the relationship between tR and z can then be determined by stating that a
signal with a rise-time tR (with tR < 6.3 ms) identifies a neutron-capture event occurred at
a distance z from the Al film, such that
RR(tR) = RC(z). (3.4)
– 16 –
5 . 8 6 . 0
7 0 0 0
9 0 0 0
8 0 0 0
1 0 0 0 0
 
6 . 3 6 . 5
 
0 . 0 0 0
3 . 1 5 0
6 . 3 0 0
9 . 4 5 0
1 2 . 6 0
1 5 . 7 5
1 8 . 9 0
2 2 . 0 5
2 5 . 2 0
D e n s i t y  ( a r b .  u n . )
6.15 6.40
8900
9200
Rise-time (ms)
Pu
lse
 a
m
pl
itu
de
 (A
DU
)
←− α events
neutron events −→
Figure 8. In this density plot, pulse amplitude as a function of the rise-time is shown for
pulses acquired with Detector 1 of Table 1. The α-like events are selected with the light detector.
Therefore, only events induced by the uranium α source and those corresponding to neutron captures
on 6Li are contained in the plot. A zoom of the neutron-capture population is shown in the inset.
Fig. 10 shows the relationship provided by Eq. (3.4). Close-to-film events can be discrim-
inated down to a depth of about 1.4 mm. Above this value, rise-time resolution (of the
order of σ = 20 µs) does not allow us to separate surface from bulk events. In the inset of
Fig. 10, one can appreciate that the relationship between rise-time and depth is approxi-
mately linear when depth is plotted in logarithmic scale. The straight line corresponds to
a phenomenological fit and is drawn to guide the eye. We have no phonon-physics model
capable of explaining quantitatively this behavior yet. These data however are very useful
to test future first-principle description of the observed mechanism.
The depth-extended PSD capability of our technique — down to 1–2 mm from the
Al film — is promising for β-surface-event discrimination, given the millimeter range of
∼ MeV energy β electrons. However, the β component of the uranium source has not been
detected so far. In fact, no low-energy component in the range 0−2.2 MeV is appreciable in
Fig. 3 in the surface-event region, with the exception of the aforementioned energy-degraded
α population. This may be due to the fact that β electrons lose energy with continuity
along their millimetric path and the deposited-energy density is not high enough at the end
of their range, in contrast with the neutron-capture events that are point-like with respect
to a millimeter length scale.
3.4 Comparison of responses from athermal and thermal phonon sensors
In all the tests made with NTD Ge thermistors, surface events have a shorter rise-time
with respect to bulk events. As argued above, this is in contrast with the expectations
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Figure 9. Rise-time distribution for neutron-capture events collected by Detector 1 of Table 1.
The distribution is fitted with a Crystal Ball function. The tail at faster rise-time values contains
close-to-Al-film events, while the main Gaussian peak contains bulk events.
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Figure 10. Pulse rise-time as a function of the depth of the neutron impact point for data
collected with Detector 1 of Table 1. In the inset, the same relationship in semi-log scale. The band
containing 95% of the bulk events is also shown. With the current rise-time resolution, surface
events can be identified down to a distance of about 1.4 mm from the Al film.
(Section 2.3), which however were assuming an enhanced athermal-phonon sensitivity of
the employed sensor. In order to clarify this issue, we have operated a TeO2 crystal
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Figure 11. Comparison between normalized pulses provided by the NbSi sensor and by the NTD
Ge thermistor for the same bulk event, collected with Detector 4 of Table 1.
(20×20×5 mm size) equipped simultaneously with an NTD Ge thermistor and two NbSi
films (Detector 4 in Table 1). The NTD Ge thermistor is sensitive mainly to the ther-
mal component of the signal due to its intrinsic slowness and the glue interface, while the
two large-area (14×14 mm) NbSi films are deposited directly on the crystal, each on a
20×20 mm side. This makes these sensors highly sensitive to the prompt athermal com-
ponent of the phonon population produced by the impinging particle. (In the following,
we will refer to just one NbSi film that we have selected for its better sensitivity.) The Nb
fraction in the 0.65-nm-thick film is 8.65%. With these parameters, the film resistivity as a
function of the temperature has a behavior similar to that exhibited by NTD Ge thermis-
tors, featuring an exponential increase of the resistance as the temperature decreases [30].
The film can be read out by the same electronics used for the NTD Ge thermistors, but
the optimal resistances (several MΩ’s) are achieved in the 30–40 mK temperature range,
because of the extremely high impedance of the sensor. The NTD Ge thermistor, glued
on a 20×20 mm surface in the part not covered by the film, was selected in order to have
resistances similar to that of the film in the same temperature range. A description of the
NbSi-film-production procedure is described in Ref. [51].
A 10-µm-thick Al film was evaporated on a 20×5 mm side of the crystal. An uranium
source irradiated the coated surface in order to generate the surface events to be discrim-
inated, and a source of the same type was directly deposited on the opposite side of the
crystal, providing bulk-like events (it was unpractical to use the polonium source in this
particular detector configuration). The detector was operated at ∼ 30 mK, with the two
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Figure 12. The same set of events acquired by Detector 4 of Table 1 represented with rise-time
vs. pulse-amplitude plots for NbSi-film signals (left panel) and NTD-Ge-thermistor signals (right
panel). The inverted behaviour of the two sensors in terms of rise-time of surface events is apparent.
As for the energy of the α events, see caption of Fig. 3. In the insets, a direct comparison of signal
rise-times for bulk and surface events is shown, both for NbSi sensor (left panel) and NTD Ge
thermistor (right panel).
aforementioned phonon sensors working simultaneously.2 Fig. 11 shows a comparison of
pulse shapes related to the same bulk event detected by the two sensors. The faster time
development of the NbSi pulse is due to its important athermal-phonon component.
In Fig. 12, we report the amplitude as a function of the rise-time for the NbSi sensor
(left panel) and for the NTD Ge thermistor (right panel). The insets show details of the rise-
times of surface and bulk events for the two sensor types. The rise-time behavior is opposite
in the two cases. It is confirmed that surface events are faster with the NTD Ge technique, as
already observed in the results discussed in Section 3.2. On the contrary, surface events are
slower when detected by the NbSi sensor, according to the arguments exposed in Section 2.3
and the results of Ref. [51]. In fact, these arguments hold when referred to the athermal
phonon component of the signal. In case of NTD Ge thermistors, we have to consider that
these slow devices are sensitive mainly to thermal phonons. The time required to initial
high-energy phonons to degrade to thermal phonons is long (on the millisecond scale at
least). If however a significant fraction of them is absorbed by the film, as happens in a
surface event, the new phonon population that is re-injected from the film to the crystal
after quasi-particle recombination has a much lower energy (∼ 1.2 K, superconductive gap
of Al). This energy down conversion is accelerated with respect to what happens in bulk
events, providing a faster signal for surface events. In short, the Al film stores and delays
the release of energy associated to athermal phonons, but accelerates thermalization as it
reduces faster the average phonon energy. This interpretation is consistent with the observed
anti-correlation between rise-time and pulse amplitude for a fixed energy deposition (Fig. 4).
2To our knowledge, this is the first time that a composite bolometer has functioned with a double readout
providing separated sensitivity to athermal and thermal phonons for the same event.
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In fact, the faster and more effective thermalization provided by the film enhances the
amplitude of the thermal signal.
In future tests, the NbSi option can provide a further mean to enhance the surface
sensitivity in the CROSS technology. The simultaneous use of the two sensor types and
their different time responses will in fact provide a redundancy in the identification of
surface events that can be an asset for background rejection.
4 CROSS prospects: medium scale demonstrator and large-scale appli-
cations
A dilution refrigerator with an experimental volume of about ∼ 150 l was recently (April
2019) installed in the Canfranc underground laboratory (Spain) in the framework of the
CROSS project. This machine can provide a base temperature of ∼ 10 mK and is op-
timized for the operation of macro-bolometers. A muon veto will be set up by covering
with scintillating elements the walls of the hut housing the cryostat. We plan to install
a first demonstrator of the CROSS technology in this cryogenic set-up. It will consist of
32 Li2MoO4 crystals grown with molybdenum enriched in 100Mo at > 95% level. Each
crystal is a cube with 45 mm side, for a mass of 0.28 kg. The crystals are already available
and have been produced according to a protocol developed in the LUMINEU experiment,
which ensures excellent bolometric performance and high radio-purity [39, 41, 47]. The
LUMINEU technology ensures ∼ 5 keV FWHM energy resolution and a background level
of the order of 10−4 counts/(keV kg y) in the region of interest around 3034 keV as far as
the crystal contribution is concerned [34, 63]. The crystals will be arranged in a tower of
eight floors with four crystals each, with almost full visibility between adjacent elements,
in order to improve the background rejection through anti-coincidences. The total 100Mo
mass will be of 4.7 kg, corresponding to 2.9× 1025 100Mo nuclei.
The techniques described above for the rejection of surface events will be extended to
these large-volume crystals. The evaporator installed at CSNSM will be upgraded with
mechanical supports in order that ultra-pure Al films can be deposited on all the large
surfaces of the cubic crystals, which will be fully coated. The thickness of the films will
be 1 µm. The protocol described in Section 3.1 will be adopted. A rejection factor of α
surface radioactivity higher than 99.9% will be assumed on the basis of the results exposed
in Section 3.2. Of course, we have to prove that the surface events can be safely identified
also in these large samples. This will be investigated in preliminary dedicated tests. The
mechanism of surface-event identification should not however be affected by the crystal size.
No light detector is foreseen.
In order to evaluate the sensitivity of this demonstrator, we have to make assumptions
on the background level. We do not have developed a full background model of our set-up
yet. However, considering that our cryostat has been fabricated with a careful selection of
the materials and that the shielding was designed in order to achieve very low background
in the experimental volume, we will assume a background level in the range 10−2 − 10−3
counts/(keV kg y). In the ROI for 0ν2β decay of 100Mo, these values have been already
demonstrated in a similar-size bolometric set-up placed underground (CUORE-0 [64] and
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Background Live Background Feldman-Cousins Half-life mββ
level time counts count limit limit [y] limits [meV]
[counts/(keV kg y)] [y] in ROI (90% c.l.) (90% c.l.) (90% c.l.)
10−2 2 1.4 3.6 8.5× 1024 124–222
10−3 2 0.14 2.5 1.2× 1025 103–185
10−2 5 3.6 4.6 1.7× 1025 88–159
10−3 5 0.36 2.7 2.8× 1025 68–122
Table 3. Sensitivity of the CROSS demonstrator to be operated in the cryogenic facility of the
Canfranc underground laboratory, under two different hypotheses of background level. The region
of interest is 8 keV. The efficiency is 75%, compatible with the crystal size of each element. The
interval of limits on the effective Majorana neutrino mass mββ accounts for a recent compilation of
nuclear-matrix-element calculations.
CUPID-0 [38] experiments). In particular, the capability of rejecting α surface radioactivity
has shown that it is possible to approach the 10−3 counts/(keV kg y) value [65].
The results on the sensitivity to 0ν2β decay are reported in Table 3. The limits on
the expected number of counts in the ROI have been calculated according to the Feldman-
and-Cousins confident-belt construction [66]. We notice that the 2-year sensitivity to the
effective Majorana neutrino mass mββ , considering computations of nuclear matrix ele-
ments taken from different models [67–71], is in the range ∼ 100–200 meV. CROSS can
therefore compete with all the present searches but the KamLAND-Zen experiment [4],
now leading the field. The 5-year sensitivity, in case of favorable background conditions
(10−3 counts/(keV kg y)), is practically equivalent to the current limit of KamLAND-Zen.
This shows the potential of the CROSS technology, considering the low size and the mere
demonstration character of our proposed set-up.
We foresee also a 130Te section in the CROSS demonstrator, but the design of this part
is less advanced and the study of a protocol for the development of radio-pure crystals of
TeO2 grown with enriched tellurium is still under refinement, on the basis of the results
described in Ref. [43].
As discussed in Section 2.1, the results achieved by CUORE and the related preliminary
background model shows that a cryogenic infrastructure suitable for housing ∼ 1000 large-
mass bolometers is compatible with a background level of only 10−4 counts/(keV kg y)
at ∼ 3 MeV, i.e. in the vicinity of the 100Mo 0ν2β signal. That low background can be
achieved if and only if the α surface radioactivity is rejected at 99.9% level. The baseline
solution for this background reduction is the scintillating-bolometer technology, as proposed
in the CUPID project [72]. CROSS can provide an adequate background abatement with
a major simplification of the detector structure and of the readout. When applied to large
arrays containing 0ν2β-candidate masses of the order of hundreds of kilograms, the CROSS
technology has the potential to explore fully the inverted-ordering region and to detect 0ν2β
decay even in case of direct ordering, provided that the lightest neutrino mass is higher than
∼ 10–20 meV.
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5 Conclusions
In this paper, we have presented a new bolometric technology capable of setting the grounds
for a future experiment searching for 0ν2β decay with a background level of only 0.5
counts/(ton y) and compatible with ton-scale setups. These features will enable the search
for lepton number violation with unprecedented sensitivity, penetrating in prospect the
direct-ordering band of the neutrino masses in a region of the parameter space where it
does not overlap with the inverted-ordering band. The key idea in CROSS is to reject sur-
face events — a dominant background source in bolometric experiments — by pulse-shape
discrimination, obtained by exploiting solid-state-physics phenomena in superconductors.
We have shown indeed in a series of prototypes that ultra-pure superconductive Al films
deposited on the bolometer surfaces act successfully as pulse-shape modifiers, both with
fast and slow phonon sensors, although the mechanisms are different in the two cases. This
method will allow us to get rid of the light detectors used up to now to discriminate surface
α particles, simplifying a lot the bolometric structure. The intrinsic modularity and the
simplicity of the read-out will make the CROSS technology easily expandable. The current
program is focused on an intermediate experiment to be installed underground in the Can-
franc laboratory in an existing dedicated facility. Its purpose is to test the technique with
high statistics and to prove the stability and the reproducibility of the CROSS methods,
but at the same time this experiment will be competitive in the 0ν2β-decay international
context.
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